Abstract. In n-GaAs/InGaAsP and p-Ge/GeSi quantum well heterostructures excited by both the picosecond broad band and the nanosecond narrow band pulses of THz radiation the relaxation times of the impurity photoconductivity were measured. In one of the sample Ge/GeSi this more narrow quantum well we observed the first time increases maximum relaxation time from 9 to 14 ns at the narrow band THZ radiation frequency decrease from 60 cm -1 down to 25 cm -1 that can be explained by a dispersion of shallow acceptor binding energies. The frequency of 60 cm -1 nearly corresponds to the binding energy of acceptors situated nearby Ge QW center while that of 25 cm -1 corresponds to ionization energy for the hole (in Ge QW) bound with a remote acceptor ion in the center of GeSi barrier. We explain the observed larger relaxation time for the acceptor with lower binding energy by an enhanced probability for the hole captured by an excited impurity state to be thermally activated again into the valence band.
Introduction
Nowadays there is a growing interest to the nonequilibrium phenomena and possibilities to produce the intraband population inversion in semiconductor nanostructures doped with shallow impurities. In order to design THz laser operating at the optical transitions involving shallow impurity states direct information on lifetimes of carriers both excited into conduction (valence) band and captured by excited impurity states is required. In this paper we study the relaxation of impurity photoconductivity at T = 4.2K in n-GaAs/In 0.1 Ga 0.9 As 0.8 P 0.2 and p-Ge/Ge 0.9 Si 0.1 quantum well (QW) heterostructures excited by broadband THz radiation (0.5 -3 THz) generated by optical rectification of femtosecond laser pulses and by narrow band (0.2 cm -1 ) tunable THz pulses of nanosecond duration.
Experimental
GaAs/In 0.1 Ga 0.9 As 0.8 P 0.2 heterostructures under study were pseudomorphically grown by MOCVD technique on GaAs(001) semi-insulating substrates and contained 30 GaAs QWs separated by 400 A wide In 0.1 Ga 0.9 As 0.8 P 0.2 barriers. QW widths d QW were 200 A in the structure #4147 and 90 A in #4236 one. Silicon delta-layers were introduced in the center of each QW. The donor concentration measured by Hall effect was 3.3*10 10 cm -2 per QW. Strained Ge/Ge 1-x Si x heterostructures with residual acceptors were CVD grown on Ge(111) substrates [1] . The structure #306 (x = 0.12) contained 162 Ge QWs 200 A wide and #308 one (x = 0.09) contained 80 Ge QWs 355 A wide. The residual acceptor concentration was about 10 9 cm -2 per QW. The photoconductivity spectra were measured using BOMEM DA3.36 Fourier-transform spectrometer at T = 4.2 K. Two strip ohmic contacts 4 mm apart were deposited onto a sample surface 5×5 mm in size. The samples were biased by a d.c. voltage. Impurity photoconductivity spectra of GaAs/In 0.1 Ga 0.9 As 0.8 P 0.2 samples contain a broad long-wave band in between 30 and 100 cm -1 corresponding to transitions from the ground donor state into excited states and to the continuum (Fig.1,2 ). In the photoconductivity spectra of Ge/GeSi samples #306 and #308 broad band in between 20 and 40 cm -1 and around 60 cm -1 respectively were observed (Fig.3,4) . The binding energy of shallow acceptor is known to depend on the impurity position in QW [1, 2] . These spectra due to the built-in strain in the Ge/GeSi heterostructures differ significantly from the impurity photoconductivity spectrum of bulk p-Ge where the maximum is located nearby 100 cm -1 . Investigations of impurity photoconductivity relaxation kinetics were carried out at the excitation by THz pulses with two techniques. In the first case picosecond pulses of broadband (0.5 to 3 THz). THz radiation were generated by optical rectification in ZnTe crystal of 100 fs long laser pulses (λ = 800 nm). In the second case the narrow-band THz difference frequency radiation was generated in GaP nonlinear crystal by mixing of two near IR laser beams [3] . The photoconductivity signal was registered with averaging by a digital oscilloscope with temporal resolution of 1 ns. 
Results and discussions
Typical oscillograms of the photoresponse on broad band THz radiation in two GaAs/InGaAsP samples are given in Fig.5,6 . In both cases a significant decrease of the photoresponse relaxation time τ with the bias voltage U rise from 2 up to 10 V was observed: from 5 ns down to 2 ns in the sample #4147 and from 3 ns down to 2 ns for #4236 one. In Ge/GeSi samples the τ(U) dependence proved to be more complicated - Fig.7 first results in the rise of the decay time (from 4.2 to 9.4 ns and from 4.9 to 11.3 ns, correspondently). We relate this effect within the mechanism of the cascade carrier capture by an ionized impurity due to emission of acoustical phonons with the carrier heating by the applied electric field as well as with the destruction in the electric field the excited impurity states [4] (cf. [5] ). The cascade acoustic phonon emission model of the carrier capture by ionized impurity [4] does not take into account the effect of impact ionization of shallow impurities. As it was shown in Ref. [5] the impurity breakdown results in a hot carrier "cooling" that leads to the relaxation time drop with the further increase of the electric field just we have observed in p-Ge/GeSi samples. We have not observed the relaxation time increase with the electric field prior to the impurity breakdown in n-GaAs/InGaAsP samples that can be attributed to their higher doping. Therefore in the latter case the Auger recombination of free carriers can be important nearby the breakdown electric field thus preventing from the above increase of the relaxation time with the carrier heating. A detailed study of the relaxation time on the radiation frequency was undertaken in p-Ge/GeSi sample #306 with QWs 200A wide using tunable narrow-band THz difference frequency radiation pulses about 5 ns in duration [3] . One can see in Fig.9 that the observed τ(U) dependences in the case of monochromatic excitation correspond fairly well to that obtained at the excitation by the broad band THz radiation (Fig.7) , the relaxation time increase being observed up to the impurity breakdown voltage (see insert in Fig.9 ). As easy to see in Fig.9 the maximum (versus bias voltage) relaxation time increases from 9 to 14 ns at the radiation frequency λ exi decrease from 60 cm -1 down to 25 cm -1 that can be explained by a dispersion of shallow acceptor binding energies [1] . The frequency of 60 cm -1 nearly corresponds to the binding energy of acceptors situated nearby Ge QW center while that of 25 cm -1 corresponds to ionization energy for the hole (in Ge QW) bound with a remote acceptor ion in the center of GeSi barrier. We explain the observed larger relaxation time for the acceptor with lower binding energy by an enhanced probability for the hole captured by an excited impurity state to be thermally activated again into the valence band (rather than to relax to the ground state). 
